Epidermal growth factor receptor (EGFR) has been implicated in the pathogenesis of head and neck squamous cell carcinoma (HNSCC). Epidermal growth factor receptor is overexpressed in up to 90% of HNSCC ([@bib11]). Targeting EGFR using small molecule EGFR-tyrosine kinase inhibitors (TKI) such as gefitinib or monoclonal antibodies against EGFR (cetuximab) abrogates tumour growth in the preclinical HNSCC models ([@bib5]; [@bib17]).

Cetuximab, a chimeric, mouse-human IgG1 monoclonal antibody, was approved by the Food and Drug Administration (FDA) at 2006 in combination with radiation for the treatment of HNSCC. More recently, cetuximab plus chemotherapy was shown to be effective in the recurrent/metastatic HNSCC ([@bib23]). On the other hand, gefitinib, an orally active, quinazoline TKI, has not been approved in HNSCC unlike non-small-cell lung carcinoma (NSCLC) cases. In HNSCC, a phase II clinical study examining the combination of radiotherapy and gefitinib reported 32% complete remission and 53% partial remission, while a phase III clinical trial of gefitinib in combination with methotrexate for the treatment of recurrent/metastatic HNSCC could not demonstrate a significant survival advantage ([@bib20]). Therefore, the clinical benefit of gefitinib in combination with chemotherapy or radiotherapy is still inconsistent. However, there is no doubt this agent is still one of the potential EGFR-targeting agents for HNSCC. As for gefitinib resistance, mutation such as T790M is well known to confer the resistant phenotype in NSCLC ([@bib4]). However, such EGFR mutation is uncommon in patients with HNSCC ([@bib7]) and truncation mutation EGFR variant III (EGFRvIII), which is relatively prevalent in HNSCC does not correlate with resistance to EGFR-TKIs ([@bib19]). Therefore, the mechanism of gefitinib resistance in HNSCC remains largely unknown.

Epithelial mesenchymal transition (EMT) is known to be deeply involved in cancer progression and metastasis. Epithelial mesenchymal transition is characterised by the loss of proteins involved in cell junctions such as E-cadherin, and the expression of mesenchymal markers such as vimentin ([@bib12]). Acquisition of EMT features has also been associated with chemoresistance acquired after standard chemotherapy ([@bib10]). Furthermore, EMT is reportedly associated with the resistance to gefitinib and erlotinib in NSCLC ([@bib6]; [@bib22]). These disregulated genes such as loss of E-cadherin and gain of vimentin have been identified as predictive marker for high-risk HNSCC tumours such as gefitinib resistance, but it remains unclear whether overexpression of EMT-associated genes are directly responsible for gefitinib resistance.

In the present study, to clarify these questions, we newly developed a cell line showing EMT by repeated gefitinib treatment using HNSCC cell lines. With this model, we found the link between EMT and gefitinib resistance in HNSCC cell line. The potential mechanism of the link between EMT and gefitinib resistance through EGFR downregulation will be discussed.

Materials and methods
=====================

Reagents
--------

Gefitinib was purchased from Bio Australis (NSW, Australia). Human recombinant EGF was obtained from R&D Systems (Minneapolis, MN, USA). Phosphatidylinositol-3-kinase (PI3K) inhibitor (LY294002) and mitogen-activated protein/extracellular signal-regulated kinase kinase (MEK) 1/2 inhibitor (U0126) were obtained from Cell Signaling Technology (Beverly, MA, USA). MG132, a proteasome inhibitor, was obtained from Calbiochem (San Diego, CA, USA). Antibodies used were as follows: for western blotting analysis, mouse monoclonal antibodies to total EGFR (Thermo Scientific, Waltham, MA, USA), phospho-Erk1/2 (Thr202/Tyr204) (Cell Signaling Technology), E-cadherin (BD Transduction Laboratories, Rockville, MD, USA), vimentin (Dako, Glostrup, Denmark) and rabbit polyclonal antibodies to phospo-EGFR (Tyr845) (Abcam, Cambridge, UK), total Erk1/2, total Akt, phospho-Akt (Ser473), total GSK-3*β*, phospo-GSK-3*β* (Ser9), snail, twist (Cell Signaling Technology) and *β*-actin (Sigma Aldrich, St Louis, MO, USA) were used. For immunoprecipitation, mouse monoclonal antibody to EGFR (Thermo Scientific) and rabbit monoclonal antibody to ubiquitin (Dako) were used. For immunohistochemistry, mouse monoclonal antibody to E-cadherin (Dako) and vimentin (Dako) were used.

Cell line and cell culture
--------------------------

The UMSCC81B cells (HNSCC cell line) were kindly donated by Dr Thomas E Carey, Laboratory of Head and Neck Cancer Biology at the University of Michigan. This cell line was maintained in Dulbecco\'s modified Eagle\'s Medium (DMEM) (Sigma Aldrich) supplemented with 10% foetal bovine serum (FBS) (Invitrogen, Carlsbad, CA, USA) in a humidified atmosphere of 5% CO~2~ at 37 °C.

Isolation of gefitinib-resistant cell line
------------------------------------------

UMSCC81B cells cultured in DMEM with 10% FBS were continuously exposed to gefitinib at stepwisely increased concentrations of 20, 40 and 50 *μ* each for 1 week. After each gefitinib exposure, remaining cells were cultured in gefitinib-free growth medium until stable growth was restored. After three gefitinib exposures, gefitinib-resistant cell line (UMSCC81B-GR3) was established in which a small number of variant cells with fibroblastic morphology appeared around epithelial cell nest. Pure fibroblastoid tumour cells were then isolated by mechanical scratching epithelial cells. Such fibroblastoid tumour cells were successfully cultured for more than half year without any morphological change, after which pure fibroblastoid tumour cell line designated 81B-Fb was established.

Epidermal growth factor receptor transfection
---------------------------------------------

Human EGFR expression vector, pLenti6/V5-wt EGFR with blasticidin-resistance gene was kindly provided by Dr M Sato (Nagoya University School of Medicine, Japan). Stable transfectants of 81B-Fb cells with EGFR plasmid were isolated after selection with blasticidin (Invitrogen) at 20 *μ*g ml^−1^, and further screened with quantitative RT--PCR analysis for EGFR expression. Stable clones with high EGFR expression, designated as Tf-1 and Tf-2 were used in this study. 81B-Fb cells transfected with control vector was used as a negative control.

*In vitro* cell growth assay
----------------------------

Cells were harvested with trypsin/EDTA, plated at 1 × 10^4^ cells per 96-well plastic plate in DMEM with 10% FBS, and then treatment with increasing doses of gefitinib (0.1, 1 and 10 *μ*) started on day 1. The number of viable cells was counted on day 4. In the cell growth assay without gefitinib treatment, the number of viable cells was counted on day 2, 4 and 6 in triplicate by haemocytometer.

Wound closure assay
-------------------

Cell migration was assessed by the ability of the cells to migrate into a cell-free area. Briefly, cells were plated 1 × 10^5^ cells in growth medium on 24-well plates and grown for 24 h to reach confluence. The monolayers were then wounded by scratching with a plastic yellow pipette tip. After washing, the cells were incubated in growth medium with or without any inhibitors for 8--12 h and observed under a microscope. The wound closure was estimated as the ratio of the remaining wound area relative to the initial wounded area. Experiments were repeated at least three times.

Western blot analysis
---------------------

The cultured cells grown on 6 cm dishes with any conditions were lysed at 4 °C in lysis buffer and whole-cell lysates were prepared by sonication and centrifugation as described previously ([@bib28]). Protein concentration was determined by Lowry assay (DC Protein Assay, Bio-Rad, Hercules, CA, USA), and 50 *μ*g cell aliquots were directly lysed in Laemmli sample buffer for subsequent immunoblotting with antibodies. Whole-cell lysates were separated by SDS--PAGE, and transferred to Immune-Blot PVDF membrane (Bio-Rad) and immunoblotted with antibodies. Bound antibodies were visualised using Super Signal West Pico (or Dura) chemiluminescence substrate (Thermo Scientific).

Immunoprecipitation of EGFR
---------------------------

The cultured cells grown on 10 cm dishes were serum-starved for 24 h, pretreated with 10 m MG132 for 2 h and then stimulated with 100 ng ml^−1^ EGF for 15 min. The cells were lysed with 500 *μ*l of lysis buffer (10 m HEPES, pH 7.5, 200 m NaCl, 30 m Sodium pyrophosphate, 50 m sodium fluoride, 1% Triton X-100 and phosphatase inhibitor cocktail), scraped, sonicated and centrifuged. The resultant supernatant was collected as whole-cell lysates and was used for immunoprecipitation. Fifty *μ*l of Dynabeads Protein G (Invitrogen, Oslo, Norway) and 2 *μ*g of EGFR antibody were mixed and incubated with rotation for 10 min at room temperature. The lysates were mixed with this Dynabeads-antibody complex in 500 *μ*l of TNT buffer (20 m Tris-HCl, pH 7.5, 200 m NaCl, 1% Triton X-100 and phosphatase inhibitor cocktail) and rotated for 10 min at room temperature. After washing, lysates were eluted with elution buffer, separated by SDS--PAGE and immunoblotted with anti-ubiquitin antibody.

Quantitative RT--PCR
--------------------

Total RNA was extracted from cultured tumour cells dissolved in Isogen (Nippon Gene, Tokyo, Japan) and reverse transcribed at 37 °C for 1 h with SuperScript II reverse transcriptase (Invitrogen). The resultant cDNA was used for PCR amplification using Universal Probe Library System (Roche Diagnostics, Mannheim, Germany) using specific primers and a TaqMan probe on the LightCycler instrument (Roche Diagnostics) as described previously ([@bib9]). GAPDH was analysed as an internal control. Sequences of primer pairs used in this study are listed in [Supplementary Table 1S](#sup1){ref-type="supplementary-material"}.

Confocal laser scanning microscopic analysis
--------------------------------------------

The cultured cells grown on coverslips were fixed in 4% paraformaldehyde in PBS and reacted with anti-EGFR antibody for 1 h. After rinsing, the primary antibody was detected with AlexaFluor 488-conjugated goat-anti-mouse IgG and nucleus was counterstained with Hoechst33324. The stained cells on cover slips were mounted on slide glass using Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA) and then viewed with a × 40 objective lens using a LSM510META confocal laser scanning microscope (Carl Zeiss, Jena, Germany).

Animals
-------

Seven-week-old male athymic nude mice of the KSN strain were purchased from the Shizuoka Laboratory Animal Center (Hamamatsu, Japan) and maintained under specific pathogen-free conditions. Animal experiments were carried out with the approval of the Institutional Ethical Committee for Animal Experiments of Aichi Cancer Center Research Institute and met the standard defined by the British Journal of Cancer guidelines ([@bib26]).

Immunohistochemical analysis
----------------------------

Subcutaneous tumours formed 1 month after injection of UMSCC81B-GR3 tumour cells into nude mice of KSN strain were removed and fixed in 10% buffered formalin for 24 h. Formalin-fixed and paraffin embedded sections (4 *μ*m) were used for immunohistochemistry as described previously (Yokoyama *et al*, 2006). Briefly, immunohistochemistry was performed using indirect immunoperoxidase method with first antibody to E-cadherin and vimentin, followed by incubation with biotinylated secondary antibody and subsequent incubation with streptavidin-peroxidase complex (Vectastain ABC kit, Vector Laboratories).

Statistical analysis
--------------------

The statistical significance of the differences in data between each treatment groups was determined by applying Student\'s *t*-test. A *P*-value 0.05 was considered significant.

Results
=======

Isolation of gefitinib-resistant cells
--------------------------------------

We generated a gefitinib-resistant cell line (UMSCC81B-GR3) by repetitive gefitinib treatment from the parental HNSCC line (UMSCC81B). Immunohistochemical analysis of subcutaneous tumour formed after injection of UMSCC81B-GR3 cells into nude mice showed that E-cadherin(−)/vimentin(+) tumour cells that are less cohesive and exhibit a poorly-differentiated morphology proliferated at the invasion front of the tumour, but were almost absent in parental UMSCC81B tumour ([Figure 1A](#fig1){ref-type="fig"}). *In vitro* analysis showed that a small number of fibroblastoid variant tumour cells appeared around the epithelial cell nest of UMSCC81B-GR3 cells ([Figure 1B](#fig1){ref-type="fig"} arrows). By mechanical scraping of epithelial cells, pure fibroblastic tumour cell line (designated 81B-Fb) was successfully isolated ([Figure 1B](#fig1){ref-type="fig"}). This 81B-Fb cell line showed significantly lower sensitivity to gefitinib than parental cells with IC50 2.85 *vs* 30 *μ*, respectively ([Figure 1C](#fig1){ref-type="fig"}). Such tumour cells undergoing EMT in the subcutaneous tumour are most likely the origin of 81B-Fb cells *in vitro*.

Expression of EMT phenotype in 81B-Fb cells
-------------------------------------------

There was a remarkable change from an epithelial to a fibroblast-like morphology in 81B-Fb cells. This finding prompted us to examine EMT-associated phenotypes of 81B-Fb cells. We first examined expression of EMT-associated molecules. In western blotting, loss of E-cadherin, acquisition of vimentin and snail expression and increase in twist expression were clearly observed in 81B-Fb cells compared with UMSCC81B cells ([Figure 2A](#fig2){ref-type="fig"}). Quantitative RT--PCR analysis confirmed almost complete loss of E-cadherin and upregulation of vimentin, snail and twist, but not slug, in 81B-Fb cells compared with UMSCC81B cells ([Figure 2B](#fig2){ref-type="fig"}). We then conducted wound-closure assays for measuring motility of these cells. As shown in [Figure 2C](#fig2){ref-type="fig"}, migration ability of 81B-Fb cells is significantly increased compared with UMSCC81B cells. However, *in vitro* growth rate of 81B-Fb cells is significantly slower than UMSCC81B cells ([Figure 2D](#fig2){ref-type="fig"}). Similar, but partial acquisition of EMT phenotype was observed in another HNSCC cell line (HSC3) after repetitive gefitinib treatment *in vitro* ([Supplementary Figure 1S](#sup1){ref-type="supplementary-material"}).

Downregulation and cytoplasmic localisation of EGFR in 81B-Fb cells
-------------------------------------------------------------------

Western blotting showed that EGFR protein expression was downregulated in 81B-Fb cells compared with UMSCC81B cells. Consistent with this, immunofluorescence microscopy revealed that subcellular localisation of EGFR changed from plasma membrane in UMSCC81B cells to almost cytoplasm in 81B-Fb cells in the presence of FBS ([Figure 3A](#fig3){ref-type="fig"}). Stimulation of serum-starved UMSCC81B cells with EGF ligand resulted in the internalisation of EGFR from plasma membrane-like 81B-Fb cells. However, upon stimulation with ligand, EGFR accumulated in the endosome, a more specific area, in both UMSCC81B and 81B-Fb cells ([Figure 3B](#fig3){ref-type="fig"}). As the internalisation of EGFR after EGF stimulation is known to be mediated by ubiquitination, we next compared ubiquitination of EGFR in UMSCC81B cells and 81B-Fb cells by immunoprecipitaion. Upon stimulation with EGF, EGFR was polyubiquitinated in both cells to the same extent. In contrast, ubiquitination of EGFR was significantly higher in 81B-Fb than in UMSCC81B cells in the presence of FBS ([Figure 3C](#fig3){ref-type="fig"}), consistent with downregulation and internalisation of EGFR in 81B-Fb cells. To examine the possibility of increased EGFR internalisation in 81B-Fb cells via autocrine stimulation with EGF, we measured mRNA for various ligands for EGFR such as EGF, HB-EGF and amphiregulin. Expression of all these ligands was significantly lower in 81B-Fb cells than in parental cells, suggesting that downregulation and internalisation of EGFR seen in 81B-Fb cells is not caused by enhanced ubiquitination through autocrine stimulation by the EGF ligand ([Figure 3D](#fig3){ref-type="fig"}).

Effects of gefitinib on phosphorylation of EGFR and downstream signalling
-------------------------------------------------------------------------

To investigate the mechanism of acquired gefitinib resistance in 81B-Fb cells, we compared activation of EGFR and downstream signalling between the two cells. In serum-starved 81B-Fb cells, total EGFR and phosphorylated EGFR, Akt and Erk were lower than UMSCC81B cells in the absence of EGF. However, the EGF-induced increase in phosphorylation of Akt and Erk was higher and more resistant to inhibition by gefitinib, especially for Akt, in the 81B-Fb cells than in parental cells ([Figure 4](#fig4){ref-type="fig"}), indicating more gefitinib resistance of 81B-Fb cells.

Involvement of Akt/GSK-3*β*/snail pathway in the acquisition of EMT in 81B-Fb cells
-----------------------------------------------------------------------------------

In UMSCC81B cells, EGFR and downstream signalling such as Akt/GSK-3*β* and Erk were constitutively activated in the absence of FBS and EGF, whereas in 81B-Fb cells, only Erk was activated. Upon stimulation with FBS, phosphorylation of Akt and GSK-3*β* was enhanced and snail expression was upregulated in 81B-Fb cells, suggesting the possibility that Akt/GSK-3*β* pathway is involved in the regulation of snail expression ([Figure 5A](#fig5){ref-type="fig"}). Therefore, we next examined whether snail expression of 81B-Fb cells is inhibited by either LY294002 or U0126. As a result, only LY294002 significantly inhibited snail expression of 81B-Fb cells in line with the inactivation of Akt ([Figure 5B](#fig5){ref-type="fig"}). Fibroblastic morphology and motility were also significantly inhibited by LY294002 but not U0126 ([Figure 5C and D](#fig5){ref-type="fig"}).

Partial restoration of epithelial phenotype and gefitinib sensitivity by the EGFR transfection in 81B-Fb cells
--------------------------------------------------------------------------------------------------------------

To clarify the role of downregulation and internalisation of EGFR in the induction of EMT, we conducted a transfection experiment with EGFR plasmid. In the stable transfectants (Tf-1 and Tf-2), EGFR and E-cadherin expression increased at the extent of approximately 2- to 4-fold and 3- to 11-fold at the mRNA level, respectively ([Figure 6B](#fig6){ref-type="fig"}). In accordance with such increased EGFR expression, membrane localisation of EGFR was partially restored in these transfectants compared with 81B-Fb cells and vector control cells ([Figure 6A](#fig6){ref-type="fig"}). Forced expression of EGFR also resulted in the partial recovery of growth potential and gefitinib sensitivity ([Figure 6C and D](#fig6){ref-type="fig"}), indicating that at least in part, EGFR downregulation and internalisation are responsible for both generation of EMT and acquisition of gefitinib resistance.

Expression of HER receptor family and neuregulin ligands in UMSCC81B and 81B-Fb cells
-------------------------------------------------------------------------------------

To explore the potential mechanism of Akt/GSK-3*β* pathway activation in 81B-Fb cells, we compared expression of various HER family receptors and neuregulin ligands between UMSCC81B and 81B-Fb cells. Western blotting analysis showed that EGFR is moderately and HER3 is markedly downregulated, whereas HER2 is compensatory upregulated in the 81B-Fb cells compared with UMSCC81B cells. In addition, among ligands for HER3, neuregulin 1 (NRG1) is markedly reduced, but NRG2 is significantly upregulated in 81B-Fb cells compared with UMSCC81B cells ([Supplementary Figure 3S](#sup1){ref-type="supplementary-material"}).

In relation to this upregulation of HER2, we further examined the effects of HER2 inhibitors such as lapatinib and trastuzumab on the EMT phenotypes to investigate the possible role of HER2 in the induction of gefitinib resistance and EMT. The results showed that lapatinib only weakly inhibited growth, EMT and Akt/GSK-3*β*/snail signalling compared with gefitinib or LY294002, and trastuzumab had no effect on the growth and EMT ([Supplementary Figure 4S](#sup1){ref-type="supplementary-material"}).

Discussion
==========

In the present study, we newly isolated a gefitinib-resistant variant subline from UMSCC81B parent cell line by repetitive, dose-escalating gefitinib treatment *in vitro*. Interestingly, this gefitinib-resistant variant line (81B-Fb) consists of only fibroblast-like tumour cells and shows typical characteristics of EMT such as almost complete loss of E-cadherin, increased vimentin and snail expression and increased cell motility. Immunohistochemical analysis of transplanted tumour suggests that such 81B-Fb cells are originated from E-cadherin(−)/vimentin(+) tumour cells present at the invasion front of UMSCC81B-GR3 tumour tissue. Emergence of gefitinib-resistant cell line with a similar but modest EMT-like phenotype such as vimentin expression without obvious fibroblastic morphology after repetitive gefitinib treatment was also observed in another HNSCC line, HSC3 ([Supplementary Figure 1S](#sup1){ref-type="supplementary-material"}), but not in HSC2 and UMSCC6 cell lines. Epithelial mesenchymal transition-inducible UMSCC81B and HSC3 cell lines are histologically poorly-differentiated HNSCC lines, whereas EMT non-inducible HSC2 and UMSCC6 lines are well-differentiated keratinising HNSCC cell lines, suggesting that the HNSCC cell line harbouring a partial EMT-like phenotype, such as simultaneous E-cadherin and vimentin expression, has a potential for generating fully dedifferentiated EMT. Several investigators reported the emergence of EMT by treatment with chemotherapeutic agents such as gemcitabine and adriamycin in pancreatic and breast cancer cell lines, respectively ([@bib14]; [@bib25]). Morgillo *et al* also reported that NSCLC cell line with resistance to TKI exhibited EMT-like phenotype ([@bib16]). To our knowledge, however, this is the first EMT line of HNSCC with resistance to EGFR-targeting agent and would thus offer a useful *in vitro* model to understand the mechanism underlying the link between EMT and gefitinib resistance.

Using this EMT model, we investigated the mechanism by which EMT emerges in the HNSCC cell lines after repetitive gefitinib treatment. We found that simultaneous upregulation of Akt/GSK-3*β* and snail occurred in response to FBS in 81B-Fb cells and that such activation of Akt and snail overexpression as well as cell motility of 81B-Fb cells in the presence of FBS was effectively inhibited by LY294002 but not U0126. Akt reportedly induces inactivation (phosphorylation) of GSK-3*β*, which in turn suppresses phosphorylation of snail to induce the nuclear localisation and protein stabilisation of snail, leading to EMT ([@bib29]; [@bib21]). Participation of Akt/GSK-3*β***/**snail pathway in the EMT has also been reported previously in hepatocellular carcinoma line ([@bib1]; [@bib27]). These findings strongly suggest that Akt/GSK-3*β***/**snail pathway is involved in the induction of EMT phenotype in 81B-Fb cells. As PI3K mutation and PTEN loss were not observed in 81B-Fb cells (data not shown), aberrant ligand-receptor binding may be responsible for the activation of downstream Akt/GSK-3*β***/**snail signalling. There are at least three explanations for this. The first candidate is EGF, which is known to be able to induce EMT phenotype in several cancer cell lines including HNSCC ([@bib30]). In fact, EGF activated the Akt/GSK-3*β* pathway in 81B-Fb cells, but the degree of snail upregulation by EGF was weaker than that by FBS (data not shown). Moreover, EGF itself is rather downregulated in 81B-Fb cells, suggesting that unknown factors (ligand) present in the FBS other than EGF are mainly responsible for the activation of Akt/GSK-3*β***/**snail pathway in 81B-Fb cells. The second candidate ligand present in FBS is TGF-*β* which is also known to mediate EMT via canonical TGF-*β*/smad/snail signalling pathway or non-canonical TGF-*β*/Akt/GSK-3*β***/**snail signalling pathway ([@bib24]). We found that TGF-*β* receptors (T*β*RI and T*β*RII) were upregulated and downstream Smad3 was more phosphorylated in the 81B-Fb cells than UMSCC81B cells (data not shown). However, Akt/GSK-3*β*/snail pathway and cell motility were not significantly affected by treatment with TGF-*β* or TGF*β*RI inhibitor, SD208 ([Supplementary Figure 2S](#sup1){ref-type="supplementary-material"}). Therefore, the possibility of direct regulation of snail expression by non-canonical TGF-*β*/Akt/GSK-3*β***/**snail signalling pathway for 81B-Fb cells is unlikely, although involvement of canonical TGF-*β*/Smad/snail pathway in snail expression still remains to be determined. The third possibility is the activation of an HER2 ligand/receptor family ([@bib18]). We found that EGFR and HER3 are downregulated, whereas HER2 is compensatorily upregulated in the 81B-Fb cells compared with UMSCC81B cells. In addition, neuregulin 2 (NRG2), but not NRG1, which are ligands for HER3, is upregulated in 81B-Fb cells compared with UMSCC81B cells ([Supplementary Figure 3S](#sup1){ref-type="supplementary-material"}). These results suggest the possibility that the activation of Akt/GSK-3*β***/**snail signalling pathway observed in 81B-Fb cells is mediated by the NRG2-induced HER2/HER3 heterodimer formation ([@bib3]; [@bib8]). We speculate that such HER2 overexpression, in compensation with downregulated EGFR, has a role in the activation of Akt/GSK-3*β*/snail pathway, although HER2 inhibitors such as lapatinib did not exhibit significant inhibitory effect on EMT unlike PI3K inhibitor, probably due to its multi functional effects on the various signalling pathways ([Supplementary Figure 4S](#sup1){ref-type="supplementary-material"}). Regardless of such upstream signalling at receptor level, the fact that downstream Akt/GSK-3*β*/snail pathway is involved in the induction of EMT in 81B-Fb cell suggests the possibility that molecular agents targeting the Akt/GSK-3*β* signalling pathway rather than HER2 is a promising approach to overcome EMT. Further study is needed to clarify the detailed molecular mechanism of activation of the Akt/GSK-3*β*/snail pathway in 81B-Fb cells.

Another important objective in this study was to clarify the mechanism of gefitinib resistance in 81B-Fb cells. We found that EGFR is downregulated and subcellular localisation of EGFR changed from plasma membrane to cytoplasm in 81B-Fb cells. This downregulation of EGFR is probably mediated by enhanced ubiquitination of EGFR and subsequent proteosomal degradation as reported previously ([@bib15]). Ligand (EGF)-induced phosphorylation of downstream Akt and Erk in the 81B-Fb cells were much higher and more resistant to inhibition by gefitinib than UMSCC81B cells. Furthermore, forced expression of EGFR on the cell surface membrane partially reversed sensitivity of 81B-Fb cells to gefitinib. Incidentally, EGFR mutations such as T790M and MET amplification reported in NSCLC ([@bib13]; [@bib2]) as a cause of gefitinib resistance were not observed in 81B-Fb cells (data not shown). These results suggest that gefitinib resistance of 81B-Fb cells is mediated principally by downregulation of EGFR. Further study is needed to clarify the detailed mechanism of ubiquitin-mediated EGFR downregulation.

In conclusion, we isolated a new EMT model from HNSCC line with gefitinib resistance and demonstrated that EMT as well as gefitinib resistance is mediated by the downregulation of membrane EGFR through compensatory activation of Akt/GSK-3*β*/snail pathway. We have experienced recurrent cases of a more aggressive tumour with EMT phenotype after cetuximab in combination with radiation therapy in patients with HNSCC. Therefore, it is clinically very important to prevent drug-induced EMT with resistance to EGFR-targeting therapy. The present EMT line would thus offer an excellent model that will lead to the detailed analysis of the underlying mechanism and thereby development of new effective therapy for EGFR targeting drug-resistant HNSCC with EMT phenotype.
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![Isolation of fibroblastoid subline with EMT phenotype (81B-Fb) from gefitinib-resistant UMSCC81B-GR3 cell line obtained after long-term gefitinib treatment *in vitro*. (**A**) Immunohistochemistry of UMSCC81B-GR3 subcutaneous tumour in nude mouse. E-cadherin(−)/vimentin(+) tumour cells are seen at the invasion front of UMSCC81B-GR3 tumour (arrows). Bars=100 *μ*m. (**B**) Phase-contrast photomicrographs of cultured UMSCC81B, UMSCC81B-GR3 and fibroblastoid 81B-Fb cells. Arrow=fibroblastoid tumour cells. Bars=30 *μ*m. (**C**) Comparison of gefitinib sensitivity between UMSCC81B cells () and 81B-Fb cells (). Bars= s.d., ^\*^*P*\<0.05.](bjc201224f1){#fig1}

![EMT phenotypic expression of 81B-Fb cells compared with parental UMSCC81B cells. (**A**) Western blot analysis of EMT-associated proteins. (**B**) mRNA expression of EMT-associated genes of UMSCC81B cells () and 81B-Fb cells (). Loss of E-cadherin and acquisition of vimentin and snail expression are apparent. (**C**) Motility of UMSCC81B cells () and 81B-Fb cells () as measured by wound-closure assay. (**D**) *In vitro* growth rate of UMSCC81B cells () and 81B-Fb cells (). Bars=s.d., ^\*^*P*\<0.05.](bjc201224f2){#fig2}

![Downregulation of EGFR expression in 81B-Fb cells compared with UMSCC81B cells. (**A**) Western blot and immunofluorescence analysis of EGFR protein expression of 81B-Fb cells. Change of subcellular localisation of EGFR from membrane to the cytoplasm is apparent in 81B-Fb cells in the presence of FBS. (**B**) Internalisation of EGFR in UMSCC81B and 81B-Fb cells in response to EGF. Cells were serum-starved for 24 h, and stimulated with EGF (20 ng ml^−1^). Accumulation of EGFR in the endosome (arrows) is seen in both cells at 15 min after EGF stimulation. (**C**) Immunoprecipitation analysis of ubiquitination of EGFR in response to FBS or EGF. Cells were serum-starved for 24 h, pretreated with 10 m MG132 for 2 h and then stimulated with EGF for 15 min or FBS for several hours. (**D**) mRNA expression of various EGFR ligands of UMSCC81B cells () and 81B-Fb cells (). Bars=s.d., ^\*^*P*\<0.05.](bjc201224f3){#fig3}

![Western blot analysis of the effects of gefitinib on the phosphorylation of EGFR and downstream signalling pathways in 81B-Fb cells compared with UMSCC81B cells. Cells were starved in serum-free medium for 24 h, exposed to gefitinib at increasing concentrations for 2 h and were then stimulated with EGF (10 ng ml^−1^) for 10 min.](bjc201224f4){#fig4}

![Effects of PI3K inhibitor and MEK1/2 inhibitor on the signalling pathway and EMT phenotypes in 81B-Fb cells. (**A**) Activation of Akt/GSK-3β and upregulation of snail expression in response to FBS in 81B-Fb cells compared with UMSCC81B cells. (**B**) Inactivation of Akt and downregulation of snail by LY294002 in 81B-Fb cells. Cells were cultured in DMEM with 10% FBS and exposed each inhibitors for 12 h. LY: LY294002 (50 *μ*), U: U0126 (20 *μ*). (**C** and **D**) Effects of signal inhibitors on the morphology (**C**) and motility (**D**) of 81B-Fb cells. LY294002 (25 *μ*) but not U0126 (10 *μ*) disturbs fibroblastoid morphology and inhibits migration of 81B-Fb cells. Bars=s.d., ^\*^*P*\<0.05. Abbreviation: NS=not significant.](bjc201224f5){#fig5}

![Effects of EGFR transfection on the growth, differentiation and gefitinib sensitivity of 81B-Fb cells. (**A**) Subcellular localisation of EGFR in the UMSCC81B cells, 81B-Fb cells, EGFR transfectant of 81B-Fb cells (Tf-1) and vector control. Note, restoring membrane expression of EGFR in Tf-1 cells compared with 81B-Fb cells and vector control cells. (**B**) Quantitative RT--PCR analysis. E-cadherin mRNA expression is significantly increased in EGFR transfectants in accordance with increased EGFR expression. (**C**) *In vitro* growth of 81B-Fb cells (□), EGFR transfectant (Tf-1; ) and vector control (). (**D**) Comparison of gefitinib sensitivity among various tumour cells with () and without gefitinib (). Bars=s.d., ^\*^*P*\<0.05. Abbreviation: NS=not significant.](bjc201224f6){#fig6}
